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ABSTRACT 

This thesis is concerned with the film condensation of l a w  

pressure metal vapors on isothermal vertical flat plates or tubes. 

The liquid film has been treated as a thin layer in which the 

acceleration and pressure forces are negligible and across which 

the temperature distribution is linear. The average behavior of 

the vapor has been found from the linearfzed one-dimensional vapor 

flow equations. A consistent distribution functfon has been deter- 

mined for the vapor particles at the liquid-vapor interface. 

The result of this analysis is a set of algebraic equations 

from which one can predict the condensation rate of low pressure 

metal vapors. There is good agreement between the most recent and 

reliable experimental data and the present theoretical calculations 

if, in the present calcufatfons, the presence of a small amount of 

a noneondensible gas is included. 
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I I ~ T R O D ~ C T ~ N  

In  many engineerfng applieatioms, one encounters problems which 

r equ i r e  a thorough understanding of t he  t r a n s f e r  of mass, momentum, 

and energy between phases, 

problem is the  physical process of eondensatioa; t h a t  is, the  change 

of phase from vapor t o  l i q u i d  state. 

whenever a sa tu ra t ed  vapor eomes i n  eontact with a sur face  whfeh 

is at  a temperature lower than t h e  sa tu ra t ion  temperature of t h e  

vapor. I f  t h i s  is the  case and condensation occurs, then the  l a t e n t  

hea t  thereby Piberated represents  the  major por t ion  of the  heat 

t r ans fe r r ed .  

One importamt example of this type of 

This phem~emon ean oceur 

Condensationom aeool sur face  is f n i t i a J P y  i n  the  fbm of a 

l a r g e  number of very small d rop le t s  which continue to  grow by 

eondensation 

u n t i l  t h e  d rop le t s  start moving along the eool surface umder the  

ac t ion  of g rav i ty  and/or flowing vapor, 

a t e l y  continue t o  form i n  t he  trace behind t h e  moving d rop le t s ,  

These moving d rop le t s  then j o i n  to  form continuous streams and these  

streams i n  turn j o i n  with each o the r  t o  eventually form a f i lm  

over the  e n t i r e  cool surface.  

we speak of dropwise condensation, while i n  the  f i n a l  s t age ,  we 

speak of f i lm  condensation. The change-over from dropwise t o  f i l m  

condensation w i l l  take place unless the cool su r face  is contaminated 

and/or a sizeible amount of noneondensible gas is present  i n  t h e  

system. The tihe needed f o r  ehanga-over depends on t h e  wetting 

d by eoalescenee with o ther  *neighboring d rop le t s  

New d rop le t s  w i l l  fmmedi- 

I n  the f n i t i a l  s t age  ~f eondensation, 

l 
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proper t ies  of the  vapor and condensing sur face ,  C 

of mereury vapor on a ltliekel s u r f a  

t o  change over t o  f i l m  condensation, 

t i o n  ean no t  be maintained f o r  a long period of t i m e ,  and the re fo re  

most eondensing equipment is designed with t h e  a s s ~ p t i o n  t h a t  f i lm  

condensation w i l l  e x i s t .  Thus, f i l m  e o n ~ e n s a t i ~ n  is of more 

p r a c t i c a l  importance. 

In g 

Under conditions where the  forced-eonveetfve v e l o c i t i e s  are 

negl fg ibfe ,  t he  condensate formed on t he  cool su r face  w i l l  flow 

downward mainly under t h e  inf luence  of grav i ty .  

condensate may be laminar or tu rbulen t .  The t r a n s i t i o n  t o  

turbulence w i l l  occur when the  condensate l a y e r  grows s u f f i c i e n t l y  

thick.  

is s t i l l  laminar, 

The flow of the  

However, t he  flow i n  the  upstream por t ion  of the  eondensate 

Fluid motions within the  bulk of the vapor are 

caused b9 the removal of mass a t  the  liqPn4d-vapsr i n t e r f a c e ,  and 

by d i f fus ion  due t o  temperature and concentration d i f fe rences ,  

some s i t u a t i o n s ,  t h e  i n t e r f a c i a l  shear fame may a E ~ o  become i m -  

po r t an t  

In 

Nusselt [I] developed a theory of s teady-s ta te ,  eondensation 

heat t r a n s f e r  on an isothermal v e r t i e d .  surface.  I n  h i s  work, 

Nusselt made many restrietive assumptions, of which several have 

been removed i n  the  past t e n  years.  

1, There is no temperature drop i n  the  bulk of t h e  vapor; t h a t  is, 

the temperature on the  sur face  of t he  l i q u i d  f i l m  is the  

temperature of t h e  bulk vapor. 

Nusseft 's  assumptions are: 
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2, Subcooling of t he  condensate may be ~ e g l e c t e d .  

3, The eondensate flow is laminar. 

4. 

5 ,  

6 .  

7. 

The f lu id  prope r t i e s  are constant. 

The i n e r t i a  e f f e c t s  i n  the  liquid f i l m  are neg l ig ib l e ,  

Vapor drag at t he  liquid-vapor interface may be neglected. 

The temperature d i s t r i b u t i o n  in t h e  f i l m  is l inear.  

With these  assmptions, NussePt der%ved the  well-known formula, 

where 
L 

= average hea t  t r a n s f e r  c o e f f i c i e n t ,  hd* 
J = g r a v i t a t i o n a l  acce le ra t ion ,  

fa densfty of t he  condensate, 

c. = thermal conductivity of t he  eondensate, 

/,id 

$, 

L 

5 

9 v i s c o s i t y  of t he  condensate, 

= hitent heat  of condensation, 

= vertical. length of condensing p l a t e  o r  tube, 

= su r face  temperature of l iqu id  f i lm,  

= temperature of t he  cold wall. 

The fOrst improvement i n  NansseEt's theory 

H e  derived B eorreegion t o  aeeount for the  e f f e c t  of l fqufd sub- 

made by BromEey E21. 
I 

cooling. 

t r a n s f e r  at high values of the parameter Cra (v) The improved ana lys i s  predicted a slf 

where 

is the  speeiffe heat  of t h e  condensate. In most app l i ea t f sns ,  
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t h i s  parameter is very small and has a value between 0 and 0.2. 

Seban [39 extended Nusselt 's  theory t o  t he  case 

Reynolds number by assuming a t r a n s i t i o n  from laminar t o  turbulen t  

flow a t  a Reynolds number sf 1600 and a universa l  ve loc i ty  d i s t r ibu -  

t i o n  i n  the  fi lm. H i s  r e s u l t s  v e r i f i e d  the  q u a l i t a t i v e  expectation 

t h a t ,  i n  turbulen t  flow, hea t  t r a n s f e r  coe f f f e i en t s  were higher f o r  

l a r g e  Prandt l  number f l u i d s  (Pr = 0.5 or  g r e a t e r ) ,  bu t  showed l i t t l e  

change f o r  low Pstcjmdtl amber fflPaids. 

The study of t he  e f f e c t  of the  nonlinear temperature d i s t r ibu -  

tion i n  t he  liquid f i l m  w a s  f i r s t  made by Rohsenow 143. His analy- 

sis w a s  similar to Bromley's and he improved Bromley's model by 

i n c h d i n g  the  e f f e e e  of cross flow within the  f i lm ,  We found t h a t  

t h i s  refinement beeomes important only f o r  l a rge  values of t h e  para- 

meter cpe (zA - ") 0 

Further refinement of the  Nusselt mod#el, including momentum 

e f f e c t s  as w e l l  as energy convection, was made by Sparrow and 

Gregg 151 using a simiParity transformation method. Solutions 

were obtained for V~IU@E of the  parameter 9 t ( y j  between 

.003 and 100, It was found that the inc lus ion  of" the  monlentppm 

terns had very l i t t l e  e f f e c t  on the  hea t  t r a n s f e r  f o r  small valuee 

of the  pargnneterC pm [y) e Similar r e s u l t s  w e r e  obtained 

by Mabuehi [6] using an approximate i n t e g r a l  method. 

Chen [7 ] ,  Koh, Sparrow, and Har tne t t  [89, and Koh [9] Considered 

almost simultaneously the  e f f e c t  of vapor drag. In t h f s  model, 

due to t he  no-slip condftfon at  the  i n t e r f a c e  of the vapor and t h e  

,eondensate, t h e  motions of t h e  vapor and condensate are considered 



to  be e o q l e d .  The sofantion of such a physfeaf model requires 

sol~tfon of the flow f i e l d s  i n  the ~ a p o r  and l i q u i d  

regions. 

drag on the  hea t  t r a n s f e r  fs q u i t e  small f o r  Parge values of 

Prandtl number (PP = 1 or  g r e a t e r ) ,  For f luids with small Prandtl 

number (usuafly l i q u i d  meta ls ) ,  vapor drag may e use a s u b s t a n t f a l  

reduction of the heat t r a n s f e r  rate. The r duction increases  wfth 

The above inves t iga to r s  found t h a t  the  e f f e c t  of vapor 

increasing values of the  parameter e 

AXE t he  analyses so far reviewed were based on the assumption 

that the  sur face  temperature of the  fffm is equal t o  $the saturation 

temperature of the  vaporo These theo r i e s  have adequately described 

the  condensation process of steam o r  organic vapors, bu t  the same 

thing ean not be said for metal vapors, 

Recently the  use of liquid metal in heat  transfer systems 

became popular in the  f i e l d  of nuclear and spacecraf t  engineering. 

!I%e advantage of using l i q u i d  metal is i t s  low vapor pressure 

compared to t h a t  of s t e m  and organic vapors a t  the same temperature. 

This f a c t  permits the  use of l i g h t  weight desfgn for high tempera- 

t u r e  heat t r a n s f e r  systems, 

The general  observation of the c o n d e ~ s a t i o n  of metal vapors 

has been that the measured values of heat t r a n s f e r  rate fall f a r  

below the predfetfons of Nusseft's cfassieaf theory o r  the predfc- 

tions of more recent  modifications eo that theory, Data of Misra 

and Bonflfa [lo] on condensing sodim and mercury vapors up to 

atomospherfe pressure ind ica ted  t h a t  the  f i lm  c ~ n ~ e n s a t i o n  heat 

t r a n s f e r  coe f f f e i en t s  of mercury and s o d i m  vapor5 are roughly 5% 
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t o  15% of t h e  value prediqted by Nusselt's theory, 

Cohn [PI] on eondensin 

hea t  t r a n s f e r  eoe f f f e i en t s  f o r  eondensfng metal vapors are about 

1% t o  15% of t h e  eoe f f f e fen t s  deduced from Nusselt's theory,  

SfmfParSy, dfserepaneies  between NussePt's 

experimental data are shorn i n  the  recent da ta  of Sukhatme and 

Rohsenow 1923 f o r  f i l m  condensatfsn of mereanry. Sukha~me 

measured eondensate f i l m  thickness by gama  ~ ~ t e n ~ a t i ~ n  and found 

that the  results agreed approximate~y with Nusse l tVs  theory with an 

Data sf 

eratme on :the f i l m  surfaee. He also found t h a t  the 

condensing hea t  t r a n s f e r  eoeffiefent fncreases with increas ing  vapor 

pressure,  while the addi t ion  of a n ~ n c o n d ~ n ~ ~ ~ ~ e  gas t o  the system 

might cause a decrease i n  hea t  t r a n s f e r  c o e f f i c i e n t  wfth increasing 

vapor pressure, Based upon these f% , Sukhatme concluded 

t h a t  previous data f o r  film condensation of metal vapors contain 

errors due t o  the presemce of n o n e o ~ d e ~ s f b l e  gases8 

Nusselt's theory and i t s  refinements do not offer a s a t i s f a c t o r y  

e x ~ P a n a t i ~ n  of t h e  cond@nsa t io~  of metal vaporsp, but t he re  remains 

one more a s ~ ~ p ~ f o n  of Nusseft's theory to  be examined; namely, 

t h a t  t he  surface temperature of the fffm is equal to t h e  sa tu ra t fon  

temperature of the vapor; If the  film surface t e r a t u r e  were 

much lower than the  vapor temp@rat~re~ the low hea t  t r a n s f e r  eoef- 

f f e f e n t  eoenld be explained. The kfwatfe theory of eondensation 

p red ie t s  imp l i e f t l y  a temperature jump a t  the  liquid-vapor fn te r faee .  

Henee, t h e  theory has been eorostant3-y used f n  expf infng the eondensa- 

t fon  of metal vapors, 



The classical model of k i n e t i c  theory of condensation was 

proposed by Eertz 1133. H e  considered a vapor at p ~ e s s ~ r e  nd 

temperatureTv condensing on a Piquid whose su r face  temperature is 

5 corresponding t o  a s a t u r a t i o n  pressure P If f t  is assumed 
5 O  

t h a t  the  vapor has a Maxwellfan ve loc i ty  d i s t r i b u t i o n ,  t he  moleeular 

f l u x  by weight can be cafeulated i n  bath d i r ec t ions .  

are 

These fluxes 

(;= ZT, 

where [T& &presents the  absolute rate of evaporation and 

represents  t he  absolu te  rate of eondensation, If t hese  two 

fluxes are not equal,  condensation o r  evapokatisn is occurring 

It is poss ib l e  t h a t  not all t h e  moEeeuPes s t r f k i n g  the  l i q u i d  

sur face  a c t u a l l y  eondense and a condensation c o e f f i c i e n t  bc is  

then introduced t o  aeeaunt for t h i s ,  

may be defined i n  a similar way as the f r a e t f o n  of t h e  absolu te  

evaporating flux which ae tua l ly  evaporates, The expression f o r  

t he  net rate of e ~ n d @ n ~ ~ t i o n  is then given by 

An evaporation e o e f f i e i e n t  O-, 

The value of 4 may approach unfty when evaporation is taking 

place i n  a high vacuum, but when condensation is taking p lace ,  it 

is evident t h a t  & could have values much less than uni ty  due to 
I *. 
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t h e  in t e r f e rence  of t he  eondensing molecules with the  evaporating 

molecules. In  the  absence of s p e e i f f e  knowledge about the evapora- 

t i o n  c o e f f i c i e n t ,  e e r t a f n  assumptions have to be made. The assmp-  

t i ons  which have been used most o f t en  i n  the study of experimental 

da ta  of condensation are t h a t  e i t h e r  = 2 or = cc . As 

should be noted, 

there  is no physical reason why t h f s  should hold away From e q u i l i -  

brium. 

ce = 0, only makes sense i n  equflibrium and 

The f i r s t  improvement i n  Hertz 's  formula w a s  made by Sehrage 

[ I41  and later Kueherov and RfkengPaz [ IS] .  They derfved a correc- 

t fon  to  account for the  n e t  motion due t o  a steady state condensa- 

t i on ,  By including the mean ve loc i ty  i n  t H e  distribution function 

f o r  vapor moving toward the  Piquid sur face ,  a e s r r ec t fon  p was 

found i n  eafeu la t ing  the  absolute rate of eondensation. The expres- 

s i o n  far the  net rate of eondensation due t o  Sehrage is given by 

where 

and 
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I n  Hertz's o r  Sehrage's model, they apparently assumed t h a t  

bulk vapor e o n d i t ~ o n s  p r e v a i l  up to  the  v a ~ o r - l i ~ u i d  i n t e r f a c e ,  and 

predic ted  a temperature jump i n  one mean f r e e  pa th  from the, l i q u i d  

surf aee . 
Labuntaov [I61 and later Patton and Springer [IS] removed t h i s  

u n r e a l i s t i c  assumption using the  double Maxwell d i s t r i b u t i o n  fune- 

t i o n  along with Lees' moment method. They f i r s t  eonsidered a ease 

of t w o  sur faces  - evaporating and eondensing - as boundaries where 

t h e  temperature, ve loc i ty ,  and number density of evaporation are 

spec i f ied .  

Hertz's model and the  resuEt was given by 

Using t h e  same technique, Patton and Springer modified 

where AT=Tv -. Ts and A p  = 6 - ., wh$.le K,, is t he  Knudsen 

number d e f i ~ e d  as the  ratio of mean f r e e  pa th  t o  a convenient 

e h a r a e t e r f s t i e  length 
il 

Sehrage's formula was- used by Sukhatme, Barry [I%], 

Minkowyez [IS] and many o the r s  f n  analyzing their experimental da ta  

of eondensing vapors, while the Paetsn-Springer formula w a s  used 

recent ly  by Sartor [20]. They found, in general ,  t h a t  the  theory 

They assumed e i t h e r  , f a i l s  t o  expla in  t h e  r e s u l t s  of experiments. 

c& = P or = (& and expected to gee a e o ~ s t a ~ t  value of bc . 
Unfortunately, for (& = 9,  

f o r  stem and up to  P Po a l k a l i  metal vapors. 

can rmge from .04 up eo .45 

I 
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The inadequacy of Nusselt's theory and the b satisfactory ex- 

planation of the tempe ature drop at the li¶uid-v~po~  inter^ 

the kinetic theory of condensation motivated the present investiga- 

tion. 

tion of the temperature drop near the liquid-vapor interface in the 

condensation of low pressure metal vaporsr 

This investigation has been undertaken to provide an explana- 

The physieaf model 

studied is that of laminan film condensation of vapor on an %so- 

thermal vertical surface. 

mits the prediction of condensation of pure vapors or mixtures of 

a vapor and noncondensible gases. It has been found that a large 

temperature drop can exfst near the interface in a narrow region 

whose thickness is proportfonaf to but much larger than the mean 

free path and inversely proportional to the mean Mach number of 

the condensing vapor, 

A solution has been obtained which per- 

Details of PfPm condensation of a pu~e vapor an an isothematl 

vertical. flat plate have been carrfed out in Section 11. 

good agreement between the theory and Sartor's data f o r  condensa- 

tion of one-dimensional flow of rubidium vapor has been obtained. 

However, if one wes this theory, there is still rather poor agree- 

Fairly 

atme's data for condensation of mercury vapor on a 

finger type esndmser, 

presence sf noncondensible gases and to the isentropic expansion 

of the vapor itself. 

Sartor's one-dimensional flow, 

the theory for pure vapor to include the presence of noncondensible 

gases. As expected, the presence of noncondensible gases plays a 

The poor agreement is probably due t 

This vapor expansion was not present in 

In Seetion 191, we have extended 
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decisive role in retarding the eondensation rate h>f low pressure 

metal vapors. In Sectfon IV, we have included the additional 

temperature drop due t o  the expansion of the vapor. In some 

situations, the temperature drop due to the expansion of the vapor 

may be more significant than the interfaefal temperature drop. 

final result fs g00d agreement between theory and experTments, 

The 



11. FILM CONR~NS~~PON OF A PURE VAPOR 
ON AN ISOTW VERTICAL FLAT PLATE 

2.1 Discussion of the  Analytical  Model 

The vapor flow f i e l d  f o r  t h e  present problem of f i l m  condensa- 

t i o n  on an isothermal vertical f l a t  p l a t e  can be divided i n t o  th ree  

regions as shown i n  Fig. 1. I n  region I, t he  y-component of the  

;mean ve loc i ty  of t h e  vapor a t  i n f i n i t y  i s  much g r e a t e r  than the  

maximum value of the  x-component of ve loc i ty ;  namely, t h e  downward 

ve loc i ty  a t  the  liquid-vapor in t e r f ace ,  I n  t h i s  case the  dynamics 

of the vapor flow noma1 t o  the p l a t e  is  important and can not be 

neglected, '  In region 11, the maximum values of the  two components 

of ve loc i ty  are about t he  same order of magnitude, Pn region P I P ,  

the  l i q u i d  film play5 the  important p a r t  and the  dynamics of the  

vapor can be compPetaPy neglected. 

Under conditions of (a) l a r g e  value of" Patent hea t ,  (b) long 

length  of condensing p l a t e ,  and (e )  high vapor dens i ty ,  region III 

will dominate and the  temperature change fn  the  vapor may be neg- 

lec ted .  These condft.llonrs are mpa%tlPy m e t  i n  condensing stem and 

organic vapor systems and explain why Nusselt's theory works. On 

the  o the r  hand, t h e  condehsltion of Pow pressure metal vapor 

generally occurs under t h e  following conditions:  (a) a smaller 

value of Patent hea t ,  (b) sho r t  length of condensing p l a t e ,  and ( c )  

low vapor dens i ty ,  

The corresponding temperature drop i n  the  vapor can not  be neglected. 

Under these  conditions,  vapor flow is important. 

I f  a temperature at the  liquid-vapor i n t e r f a c e  is assumed, 

t he  l i q u i d  film and t h e  vapor can be t r ea t ed  independently. The 

92 
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former is  t r ea t ed  as a l i q u i d  boundary l a y e r ,  while t h e  l a t te r  i s  

t r ea t ed  as a one-dimensional vapo er, t h e  two problems 

are r e a l l y  coupled since the  temperature is assumed t o  be continuous 

a t  the in t e r f ace .  A k i n e t i c  theory argument is nee s sa ry  t o  deter-  

mine the condensation rate and hence t h e  i n t e r f a c e  temperature. 

Figure 1. Schematic of f i lm  condensation 
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2.2 Liquid Film 

The s p e e f f i e  problem t h a t  will be analyzed inc ludes  the follow- 

ing  assumptions: (a) the  sur face  temperature of t he  l i q u i d  f i l m  f a  

constant,  (b) the  eondensate flow is laminar, (e) the  f l u i d  p rope r t i e s  

are constant,  (d) momentum changes through the  eondensate are neglf-  

g fb l e  and the  viscous foree  ba9anees the body force ,  (e) the vapor 

drag a% the  i n t e t f a c e  is  neglected,  and ( f ) t h e  temperature d f s t r i -  

butfon i n  the  l i q u i d  f i l m  f s  Pfnear, which becomes exact fo r  low 

Prandt l  number. 

and eoordfnaite system has been shown i n  Fig. 9, 

A sehematie representa t ion  o f  the physical model 

With these  approximations, the  equations expressing eonserva- 

tion of mass, momentum, and energy i n  the Piquid f i l m  are: 

Contfqufty : 

Momentum : 

Energy : 

-(Ke,y) a =TR = Q  

aY 

(2.2 0 I) 

(2 0 29 2) 

(2 * 2.3) 

The boundary conditions appropriate t o  the  l i q u i d  film are: 
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Wall conditions ( = 0 )  

Interface conditions ( 3 = 64 ) 

(2  0 2.4)  

(2.2 5 )  

A l l  symbols are defined i~ the  list of symbols and f u r t h e r  elabora- 

t i o n  is given only when necessary. 

Equations (2 .2.2)  and (2 ,2 ,3 )  can be solved along with the  

boundary conditions ( 2  e 2.4) and ( 2  e 2.5) e The so lu t ions  are 

(2.2.6) 

(2.2.7) 

l& has beentomitted s inee  i t  is not important i n  the  problem. 

The thickness d i s t r i b u t i o n  ( 4 ) of l i q u i d  f i lm  may be found 

e x p f i e i t l y  i f  one assumes t h a t  all the heat flow throplgh the l i q u i d  

is generated by eandensatfon of vapor a t  the ou te r  edge of the  

l i q u i d  film. 

d;c 

The hea t  flow d Q through the  l i q u i d  with the  he ight  

and unit dimension 4n t h e  hor izonta l  d i r e c t i o n  along the  w a l l  is 
1,- 

(2 .2,8)  
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The mass of l i q u i d  flowing through t h i s  cross s e c t i o n  at X is 

In tegra t ion  gives 

( 2 , 2 . 9 )  

(2.2 e 10) 

At a dis tance  dlc 

g r e a t e r  by the  amount 

i n  the  downward d i r ec t ion ,  t h e  mass faow is 

(2 0 2.11) 

+ 

This amount must be generated by condensation of vapor. 

equation d Q= h d G  

With the  

, i n  which is t h e  f a t e n t  hea t  of vaporiza- 

t i o n ,  t he re  is obtained from equation (2,2,8) 

By equating (2,2.11) and (2,2.92), t he  fornula 

(2.2 * 92) 

(2 0 2.13) 

fs obtained. In tegra t ion  of equatfern (2.2.13) with the  conditfon 

of vanishing thickness a t  the Peading edge gfves 



(2 0 2 .f4) 

For a given length of condensing plate, an effective film thickness 

( 6 )e and a mean mass flux per unit area 6 are defined - 
L “=II, L G d x  

where 

(2.2 3.5) 

(2 2 16) 

The mean heat transfer rate of condensation per unit area is eaE- 

culated by the formma3.a 

(2 ., 2.18) 
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2 , 3  Vapor Flow 

The vapor w i l l  be t r e a t e d  approximately as a one-dimensional 

flow. 

assumptions: (a) the  proper t ies  of the vapor are constant,  (b) t h e  

total. temperature drop i n  the  vapor fs mueh smaller than the absolu te  

bulk temperature, although i t  may be much g r e a t e r  than t h e  tempera- 

The general  ana lys i s  may be s impl i f i ed  by use of the  following 

t u r e  drop across  the  l i q u i d  film, (e) the Maeh number of mean vapor 

flow is very s m a l l ,  and (d) the  vapor obeys the  pe r fee t  gas Yaw. The 

s impl i f ied  model and coordinate system is sketched i n  Fig.  2. 

The governing equations of the vapor flow are: 

Continuity: 

-(PU) = 0 4 
Moment-: 

Energy : 

(2,3.E) 

(2 .3.29 

(2 .3 .3)  

Sta te :  
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The eemperature and pressure a t  i n f i n i t y  and the  temperature on 

the w a l l  are usual ly  given as boundary ~ o n ~ ~ t i o n s ~  while the ve loc i ty  

at i n f i n i t y  is found from the mean mass f l  

densfty at  i n f i n i t y .  

vapor are: 

Bulk vapor eondi t ions ( y* 0 0 )  

divided by the vapor 

The appropriate  boundary eondi t ions f o r  the 

In t e r f ace  eondftfon 6 j =  0 )  

7-= 7s 

Imegra t ion  of equations (2 ,3 . l )  and (2,3.2) gives 

where 

(2 3.5) 

( 2 . 3 , 6 )  

(2.3.7) 

( 2 , 3 . 8 )  

(2.3.9) 

By md.tiplyfng the  momentum equation by lr , adding the r e s u l t  t o  

the  energy equation, and in t eg ra t ing ,  one obta ins  
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where 

(2.3,lO) 

e by Prandtl number e and replacing C v R  K P by 7 - /  Denoting 

in whieh V is the ratio of speeifie heats, equations Q2,3,8) and 

(2,3.10) may be rearranged in the following forms 

(2.3.12) 

and 

These are a set of nonlinear differential equations. 

viations about the singular point at infbity, the system can be 

Iinearized. 

For small de- 

Let 
# r =  T--+-T (2,3.14) 

u =  z r , , - t .w '  (2 e 3.15) 

By substituting these relations into equations (2.3.12) and (2,3.93 ) 

and dropping second order terns, one obtains the linearized system, 
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(2.3.16) 

The solution may be found by assuming 

(2 3,181 

which, after rearrangements of equations (2,3.16) and (2,3,P7), 

lead to the system 

(2 D 3.20) 

and N are arbftrary eonstante and 

(2.3.22) 
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which may be written 

The roots of thfs  equatfon are 

The root w i t h  plus s ign is necessary i n  the present problem. 

root with minus sign i s  rejected, ainee it is negative f o r  Mach 

number less than unity. 

The 

The solution fo r  the eondensation of metal vapor when the 

PrandtP number i s  two-thirds i s  presented here. 

root is obtafned from equation (2.3.25) and 1s 

The appropriate 
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In  the  Pirditfng ease (M, -4 0 ), there is obtafned from equation 

(2.3-26) 

and from equation (2.3.20) o r  (2.3.21) 

(2 3.28) 

By s u b s t i t u t i n g  these  r e s u l t s  i n t o  equations (2 e 3 98) and (2 3.19) 

and applying t h e  appropriate boundary conditions,  one obtaEns 

from equations (2.3.14) and (2,3,95) t he  r e s u l t s  t h a t  

The dens i ty  may be obtained from eq 69on (2,3,7) and is 

(2 3.29) 

(2,3.30) I 

(2.3-31) 

The pressure  may be obtained d i r e e t l y  from t h e  equation of state 

and is 

(2,3032) 
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I n  t h i s  l i m i t  (&I, 0 >, t he  l i nea r i zed  so lu t ion  ind ica t e s  

t h a t  t he  temperature and ve loc i ty  vary exponentially i n  a very t h i n  

l aye r  near the  i n t e r f a c e ,  while the  pressure is  approxfmately 

constant ( i f  Td I 1 

at  the i n t e r f a c e  is therefore  i n  a supersaturated condition. 

For a sa tu ra t ed  bulk vapor, t he  vapor 70, 

2 e 4 Dis t r ibu t ion  Function 

The previous ana lys i s  does not p e m f t  the  ea l eda t ion  of t he  

temperature "r, a t  the  fn t e r f ace  However, t h i s  temperature can 

be d e t e m f n e d i f  one cons t ruc ts  a cons is ten t  d i s t r i b u t f o n  function 

which e o r r e c t l y  descr ibes  the average o r  macroseopfe behavior of 

t he  vapor a t  the  en ter face .  

A d i s t r i b u t i o n  function is assumed for  those p a r t i c l e s  on the  

vapor side a t  the plane which is  p a r a l l e l  t o  and loeated very 

c lose  t o  the  in t e r f ace .  The assumed d f s t r fbu t ion  function eon- 

s f s t s  of th ree  p a r t s  and i s  wr i t t en  

j, 
c i ry .  

ve loc i ty  vh I) 

but moving over t he  eondensing surface.  Since the  condensing sur- 

face can serve as an energy absorber, the energy normal to t he  sur face  

may be absorbed and t r ans fe r r ed  away through the  l i qu id .  Hence, 

f o r  p a r t i c l e s  of t he  t h l r d  kind, t he  thermal energy normal t o  the  

represents  par t ic les  leaving the  l i q u i d  with zero d r i f t  velo- 

ft represents  p a r t i c l e s  en ter ing  the  liquid with a d r i f t  
d f3 represents  p a r t i c l e s  not en te r ing  the l i q u i d  

condensing sur face  may be much smaller tRan t h e  mean thermal energy. 



Denotfng by the tempeleatwe of particles of eh& third kind 

normal to the condensing surfaee, this  

The foms of 4, , and J3 are assumed 

(2 *4.2) 

(2.4.4) 

If the mean d r i f t  velocity of particles of the second kind is 

much smaller than the mean thermal speed, ?quation ( 2 . 4 . 4 )  may be 

simplified to 

where 

( 2 . 4 . 6 )  

( 2 . 4 . 7 )  

The macroscopic properties of the vapor at  the interface are caP- 

culated from the fo l lowing .de f f~ i t f sns :  



Temperatwe : 

Density : 

Vefoefty : 

whfeh may be written as 

(2.4.8) 

( 2 . 4  e 9) 

(2 0 4.10) 

(2.4.91) 

The interface conditions are ehssen to be those of the previous 

analysis in seetion (2-3); namely 7;; z & , a pbo , and 

Direct integration of equations ( 2 , 4 . 8 ) ,  (2.4.9) and (2.4.11) 

yields 
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(2.4.13) 

where i s  the saturation density at temperature 7; , while 

f4 is the density of particles of the third k b d .  

From equation (2 ,4 .12 ) ,  one obtafns 

By substituting 

and making use of equation (2.4. ,14),  one obtains the important 

formula 

rA from equation (2 4.15)  into equation (2 e 4.13) 

(2.4.16) 
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which, when rewritten for the ease of --v 0 I) 

-c5 

where ps is a given function of , while is defined by 

equation (2.2,f6) Then the temperature -& can be determined by 

equation (2.4.19). 

With the present approximation for the distribution function, 

an interesting eoeffieient (& may be defined which resembles the 

usual condensation eoeffieient; namely, CS, is the fractiom of the 

total number density of particles of the second and third kind that 

will aetually condense, % . e . ,  

By integrating and making use of previous resuPts, one obtains from 

equation (2 * P i ,  18) 

r- 

In the present problem, 

is shown in Fig. 3. When the condensation rate is zero, fs unit7 

CH has values between 0.5 and 1.0 and 

and starts decreasing as the condensation rate increases. 



30 

1.0 

.8 

.6 

. 4  

.2 

0 
n 

.2 .4  .6 

p00 
Pbo - E &  

.8 1.0 

Figure 3.  C H  versus P- - ps 
P, 



39 

2.5 Results of Calculations 

The results of ca lcu la t ions  based on the  present  theory are 

presented as curves of hea t  t r ans fe r  rate per  u n i t  area ( G  1 

versus the  t o t a l  temperature drop ( T, - Id 1 f o r  d i f f e r e n t  values 

of vapor pressure . 
For a f ixed vapor pressure pbo one f i r s t  calculates the mass 

f lux  from equation (2,4.917) f o r  any value of Ts and then, 

from equations (2.2,16) and (2.2.171, ca lcu la t e s  the temperature 

drop across  the Piquid  fi lm. The hea t  ESlux p e r  u n i t  area a can 
be ca lcu la ted  from equation ( 2 0 2 . B 8 ) ,  while the  total temperature 

drop i s  the sum of the temperature drop i n  the vapor and i n  the 

l i qu id  fllm., I n  p r a c t i c a l  cases ,  is given and and 

can be obtained by t r f a l  and e r ro r .  

Some a n a l y t i c a l  r e s u l t s  f o r  condensatfon of one! d fmensfonai 

Rubidium vapor are shown i n  Fig. 4 .  The ehps ica l  p roper t ies  of 

Rubidium are taken from referenee E2911 as fol lows:  

KO = 23 BTU/hr-ft-"P 

3 = 92 Pbm/ft 

$& = .09l3 BTU/fbm-"F 

p' = 60 Slbdft-hr 

= 383. BTUPPbm 

rl = 85.5 Ebm/mole 

The sa tu ra t ion  pressure as a function of temperature (shown i n  
FSgure 57) 

The thickness f the  l i q u i d  l aye r  is chosen to  be 0.912 inches whieh 

has been used fn  Sa r to r ' s  experiment, 
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In Fig. 4, curves E and 2 are f o r  t he  h ighes t  amd lowest vapor 

pressures  i n  S a r t o r ' s  data.  

su re s  t o  show the  dependence of heat t r a n s f e r  rate on the  vapor 

pressure.  

t r a n s f e r  rates e 

Curves 3 and 4 are for  much lower pres- 

As ean be seen, Sower vapor pressures give Sower heat 

It ean be  shown t h a t  the interfacial. region aeross which t h e  

temperature drop i n s i d e  the  vapor oceurs 9 very thin.  The Mach 

number i n  Sartor's experiments with Rubidium varies from ,002 to .005. 

The thickness of the  i n t e r f a c i a l  region i s  about 500 t o  PO00 mean 

free paths of rubidium vapor, o r  of the  order  of 5 x inches, 

This eonffms Sartor's conclusion t h a t  t he re  i s  a r ap fd  temperature 

change near the  liquid-vapor i n t e r f a c e  

 AS,.^ comparison wfth NwseEt's theory, the  ratio of average 

heat t r&ns fe r  eoe f f f e fen t  of the present theory t o  Nensselt's theory 

is  p lo t t ed  aga in t  t he  parameter yA(xhTw) i n  Fig, 6. The 

general trend is  that lower vapor pressure gives greater devjatfon 

from Nussselt ' 8  theory e 

The agreement becween Sartor's data  and the  theoretical predie- 

tion is good wfth the  discrepancy between the  two being less than 

tqn percent,  but more data i n . a  much lower p ~ e s s u r e  range is needed 

t o  j u s t i f y  the  theory. Some important experiments of condensation 

of metal vapors a t  lower pressures haye been conducted on a finger 

type condenser, Available da t a  shows heat f l u x  is considerably smalEer 

than the  pred ic t ions  from t he  present  theory. The discrepancy may be 

due 30 t h e  presence of noncandensibfe gases and t o  the  i s en t rop ie  

expansion fSowfof t h e  vapor i tself .  A study of the e f f e c t  of the 
I 
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presence of noneondensfbfe gases 9s presented in Seetfon III. 

Section IV, the eondenszpfon of a metal vapor on a finger type 

condenser is discussed, 

In 

The effects of n o ~ ~ ~ n d e n s i b ~ e  gases and 

of vapor expansion are included. 
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111, CONSIDERATION OF THE PRESENCE 
OF NONCONDENSIBLE GASES 

The following ana lys i s  is r e s t r i c t e d  to a system with only two 

components, namely a mixture of vapor and a i r .  In  p r a c t i c e ,  the  

amount of a f r  is  kept as low as poss ib le  and therefore  the  coneen- 

tration of air may be assumed t~ be very s m a E l .  The same physical 

model shown i n  Fig. 2 is  used here.  The governing equations for a 

mixture are as follows: 

Continuity : 

Momentum : 

Energy : 

State : 

Dif f tnsfon : 

The balance between mass convection and mass d i f fus ion  is represented 

by equation (3.5), i n  which V" is the eoneentration or mass f r a c t i o n  

of a i r  and D,, is t he  d i f fus ion  eoef f fe fen t  of a mfxture. 
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Subscripts l and 2 denote respectively the pure vapor and a ir ,  

The properties of a mixture are ealeulated from the kinetic theory 

for a rigid spherical moleeuhe 122, 233. The results  are expanded 

i n  es power serfes fn  v\l Since W is  very small, only the 

first order term is kept in the expansion. 

Viscosity : 

Conductivity: 

Gas eonstant: 

Speefffc heat: 

Diffusion coeff ic ient:  

(3 .8)  
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where 6 is the diameter of a molecrinle and 

In these equations, all. the properties will be evaluated at the 

vapor temperature Tw e 

Using the method of regular perturbation, one sets 

( 3  L 12) 

(3.13) 

( 3 . 1 4 )  

(3.96) 

where \n/i is the local concentration of' air at the interface and 

x is the normalized concentration function. 
By substituting equations (3 .6  - 3.16) into equations (3 .5 - 

3.5), andl retaining terns of the lowest order in Wi , one obtains 

the following system of equations: 
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(3.17) 

(3.3.8) 

(3.20) 

(3.21) 

The boundary conditions for equations (3.17.- 3.21) are those stated 

by equations (2.3.5) and (2,3,6), Sinee we eome up with a system 

%dentical to t h a t  in sec t ion  (2-31, t h e  linearized solution for  the 

limiting case ( blw- o 1 is simply written 

( 3  e 22) 

(3.23) 

( 3 . 2 4 )  

whfle the pressure of a mixture 3s again approximately constant. 

By neglecting the small variation of the density, one can 

rewxfte , equation (3 e 21) as 



for which the boundary condition is 

Integration of equation (3.25) gives 

and 

(3.26) 

(3.27) 

(3.28) 

Since D is about the same order of magnitude as 9, , the 
thickness of the dfffusfon layer fe found to be eomparable to that 

12 

of a vfseo-conduetion layer. 

To ealledate Wi , the total amount of air per unit area must 
be specified. Denoting it by A, , there is obtained 

(3.29) 
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In tegra t ion  gives 

from which one obta ins  

(3 .30)  

(3 .31)  

A s  can be seen from equation (3 .311,  f o r  a fixed amount of  ai^ Ag 

and rate of condensation 6 

higher the  concentration of a i r  i s  a t  the  in t e r f ace .  

concentration of air a t  the  i n t e r f a c e  will se r ious ly  r e t a r d  the  rate 

, t he  lower the vapor pressure i s ,  the  

The higher 

of mass condensation, This fact explains the  s ign i f i eance  of the 

presence of nsneondensfble gases i n  the  system of low pressure metal 

vapor. 

The p a r t i a l  p ressure  of vapor Gi a t  the  i n t e r f a c e  is ealcu- 

Sated from 

By l e t t i n g  

one obta ins  the  important formula f o r  a mixture 

(3 .33)  

( 3 . 3 4 )  
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In contrast to equation (2.4.17) whfeh was sbtafned for the ease of 

a pure vapor, A comparison of these results  f o r  mixture of mercury 

and air with experimental data of Sukhatme on a finger type condenser 

is shown i n  Ffgure 90. 

and the above comparison w i l l  be discussed i n  the next section. 

The finger type eondenser w i l l  be analyzed 



IV. FILM CONDENSATION OUTSIDE AN 
ISOTHERMAL VERTICAL TUBE 

4 . 1  Theory 

The eondensation of low pressure  metal vapor on a f inge r  type 

condenser Ps i l l u s t r a t e d  i n  Fig. 7, 

which the  temperature is  gradually brought down t o  t h a t  on the  w a l l .  

These regions are: the  outer  region i n  which the  vapor expands 

i s e n t r o p i c a l l y ,  (b) the  i n t e r f a c i a l  region i n  which the  vapor is 

slowed down and eoofed by the  presence of noneondensfble gases and 

by v i s e o s i t y  and hea t  r e s i s t ance ,  and (e) t he  l i qu fd  f i lm  region 

across which the  temperature d i s t r i b u t i o n  is approximately linear. 

Since the  thickness of t he  l i q u i d  f i lm  and i n t e r f a c i a l  region are 

very t h i n  compared to  the  radius of the  eondensing tube, t he  flow 

There are th ree  regions i n  

(a) 

problem i n  these  two regions can be approximatce’d as eondensation on 

a vertical f l a t  p l a t e .  

11 and 111 can be applied here,  

drop i n  t h e  ou te r  region can be found from the  Fonsideration of an 

i n v i s c i d  p a r e  vapor. The reason f o r  e o n s f d e r h g  the  vapor pure fs 

t h a t  almost all t h e  noneondensible gas is i n  t he  Pn te r f ac i a l  region. 

The general  ana lys i s  and r e s u l t s  i n  Sections 

On the  o the r  hand, t he  temperature 

The governing equations f o r  t he  vapor i n  the  outer  region are 

Contfnuitg : 

d 
dY --(pvr) = o  (4.1.1) 

44 
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Vapor P, 

a 

a: outer region 
b : interfacial  region 
c: liquid film region 

Figure 7 .  Schematic of finger type condenser 
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Momentum : 

Energy : 

State : 

-.&-- f = E ( = j = )  T ? - I  

(4 .  l * 2) 

( 4 .  1. 3) 

(4.1.4) 

In these equations, p p and T are respectively the 

densfty, pressure and temperature of the vapor, while f a  the 

velocity in the radial direction, Subscript 0 denotes stagnation 

eondftions. 

Stagnation conditions ( Y'+ 00 ) 

The appropriate boundary conditions are: 

Inner condition ( rS -/c 1 

T = Tm ( 4 . 1 . 6 )  

where 7- is the temperature at the intersection between the 
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outer  and i n t e r f a c i a l  regions. 

The so lu t ion  for  the  mass f lux p e r  un i t  area of condensing tube, 

which is again denoted by 

eqnations (4.l.l-4.1.6) 

, is e a s i l y  obtained by so lv ing  t h e  

(4.1.9) 

For completeness, t he  r e s u l t s  i n  the  l i q u i d  film and i n t e r f a c f a l  

regions are r ewr i t t en  from equations (2.2.16), (2.2.19) and ( 3 . 3 4 )  

and 

where Bwi is defined by equation (3,331 and 

( 4  0 E 0 10) 

Solving equations (4.1.9-4.1.9) simultaneously, , T- and 7; 

can be determined. 

Because of a lgeb ra i c  complications, the  t h e o r e t i c a l  ca l eu la t fon  

starts wi th  assuming . G is then ca lcu la ted  from equation 

( 4 .  I. 8 ) .  The temperature 7; is obtained from equation (4 1.9) 



48 

4 2 Results and Comparisons 

Some analytieal  r e s u l t s  of condensation of mercury vapor are 

shown i n  Fig. 8, i n  whfch the heat  f lux  versus t o t a l  temperature 

is p lo t t ed  for  varTous values of the s tagnat ion pressure.  

The length of the  condensing tube is chosen to  be 6 inehes,  

the length used i n  Sukhatme's experiments. The proper t ies  of 

Mercury are taken from references[24, 251 and are as follows: 

lbm f g  = 830 - 3 
ft 

m L t f e  
= . l % l B - -  see 

BTU h = E27 =& 

The saturatfon pressure as a functfon of temperature (shown En 
Figure 9) 

The ana ly t f ca l  r e s u l t s  have been compared with Sukhatme's da ta  

f o r  condensation of mercury vapor. 

densible gas, the  theo re t i ca l  predfetfons,  which are noted by s o l i d  

I n  the absence of a noneon- 

lines 91-5 in Fig. 8 are higher than Sukhatme's da ta  by approximately 

a factor of 2.  

8 t o  50 times the values obtained from Sukhatme's da ta ,  

On the o ther  hand, Nussel t ' s  theory p red ic t s  values 

In Fig. 8, eurves 9,  2 ,  'and 3 represent  those pressures whfch 
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5 

I3 

1 : ( .05 psia ) 5 

3 : ( .25 psia 
4 :( .50  p s i a  ) 
5 :( 1.00 psia ) 

2 : ( *I5  psis 1 present 
) thee 

hl u 
3 r u  

k s 
m -  

El : Sukhatme's data of 
Mercury for vapor 
pressures 
.027 - .252 psia 

5 10 50 100 200 
T - Tw O F  
0 

Figure 8.  Comparison of experimental data with 
the present theory neglecting the 
presence of air .  
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can be found i n  Sukhatme's data.  

pressures ,  It c l e a r l y  ind ica t e s  t h a t  t he  present  theory approaches 

Nusseft 's  theory as the  pressure becomes higher.  

Curves 4 and 5 are some higher 

To show t h e  r e l a t i v e  magnitude of t he  temperature drop i n  var i -  

ous regions,  t he  temperature drops i n  these  regions are l i s t e d  i n  

Table I f o r  d i f f e r e n t  values of s tagnat ion pressure.  A ,  B, C and 

D are the corresponding poin ts  shown on l i n e s  1, 3 and 5 i n  Fig.  8 .  

As can be seen, at  lower pressures ,  the l a r g e s t  temperature drop 

occurs i n  the  i n t e r f a c i a l  region. I n  some s i t u a t i o n s ,  the outer  

region may become equal ly  o r  even more important than the  i n t e r -  

f a c i a l  region. A s  pressure becomes higher ,  the  temperature drop 

i n  the l iqu id  f i lm  becomes the most important. 

Better agreement can be obtained by assuming a small amount of 

a i r  is present  i n  the system. 

da ta ,  i t  is  necessary t o  assume there  5s 4.9 x IO fbm of a i r  

present  i n  h i s  chamber, the  dimensions of whieh are 6-511 diameter 

and PB-in length.  

4 . 9 4  x bars .  The r e s u l t s  obtained by including t h i s  amount 

of a i r  are shown i n  Fig. PO. 

To g e t  agreement with Sukhatme's 

-9 

The corresponding vaeum pressure of a i r  i s  



TABLE I. Temperatare drop in outer ,  fnterfaefaf and l i q u i d  film 
regions 
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Figure 9. Saturation curve of Mercury (Reference 25) 
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W W  a *  
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Figure 10. Comparison of experimental data w i t h  
the present theory including the 
presence of air  



V. DISCUSSION AND CONCLUSIONS 

A set of algebraic equations has been found for the prediction 

of heat tqansfer rate by Condensation. 

found between the available data and the, theoretical predictions 

Good agreement has been 

when the presence of a qmall amount of air was considered.) 

The theory is limited to small values of - -73 and Mach 

number of the mean vbpor flow, but it can be extended to larger 
7-A 

values of these paramkters by working out higher ooder solutions. 

However, a good heat transfer system transfers heat with temperature 

drops as small as possible. 

accordingly very small. Typically, the values of are 0.05 

or less and the values of Mach number are 0.2 or less. 

The corresponding Mach number is 

7, 
The errar 

jtnvo3ved in usiag the linearized analysis may be estimated to be 

4% or less, and therefore the linearized solution is valid in most 

applicat€oqs. 

The approximation of a constant temperature on the surface of 

the liquid film was validated by Sukhatme's experiment. 

measured the thickness distribution of the liquid film and found that 

He 

if could be described by Nusse1tI.s analysis with an assumed film 

surface temperature. 

Only the solution for small concentration of noncondensible gases 

was given in this investigation. It was found that the presence 

of noncondensible gases seriously retards the heat transfer rate 

of condensation. In experiments, a great deal of care was taken 

to keep the amount of noncondensible gases small. For this reason, 

54 
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the  so lu t ion  f o r  small concentration is s u f f i c i e n t ,  In the  calcula-  

t i a n s ,  t he  concentration of a i r  a t  the liquid-vapor i n t e r f a c e  is 0.1 

o r  less, which is small. 

The e f f e c t  of free convection has been considered by r e t a in ing  

the  body force  term i n  the  momentum equation. It w a s  found t h a t  f r e e  

convection w i l l  decrease the heat  t r a n s f e r  rate s l i g h t l y ,  but the 

cor rec t ion  is very s m a l l ,  abouq 0.12 o r  less. 

drop, the f r e e  convection is  apparently not  important,  while f o r  a 

l a rge  temperature drop, the  motion due t o  f r e e  convection is st i l l  

f a r  less important than the  induced mean vapor flow. 

For a s m a l l  temperature 

There are o ther  f a c t o r s  not  being considered i n  the  present  

ana lys i s ,  f o r  ins tance  the  impurity of the  vapor, the  contamination 

of the l i q u i d  sur face ,  sur face  tension,  and poss ib le  nucleat ion 

of the  vapor near  t he  in t e r f ace .  I n t u i t i v e l y  a l l  these  f a c t o r s  

probably decrease condensation hea t  t r ans fe r ,  

present  theory can be used i n  pred ic t ing  an upper l i m i t  of heat  

t r a n s f e r  rare due t o  condensation of . low pressure metal vapors. 

We conclude t h a t  %he 

Some conclusions from the r e s u l t s  of t h i s  i nves t iga t ion  are: 

During f i lm  condensatianrof low pressure  metal vapor, a 

s i g n i f i c a n t  thermal r e s i s t ance  does e x i s t  very near  the  l iqu id-  

vapor inteqface.  

The r e s i s t a n c e  increases with decreasing vapor pressure.  

a high pressure system o r  non-metal f l u i d s ,  t h i s  r e s i s t ance  

becomes neg l ig ib l e  and Nussel t ' s  theory is a good approximation. 

For a low pressure system, condensation outs ide  a tube decreases 

se r ious ly  due t o  the  expansion of the  vapor i t s e l f .  

For 
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(d) The thermal r e s i s t ance  due t o  t h e  presence of a f ixed  amount 

of a i r  fncreases with decreasing vapor pressure and with 

increasing molecular weight of a pure vapor. More c l e a r l y ,  t h e  

presence of noncondensible gases i s  less important i n  steam 

o r  i n  organic vapors than i n  heavier metal vapors, 

(e) The hea t  t r a n s f e r  coe f f i c i en t  decreases with decreasing vapor 

pressure. I f  t he  weight of a hea t  t r a n s f e r  system is not an 

important f a c t o r ,  a low pressure metal vapor is not an 

e f f i c i e n t  working f l u i d .  However, f o r  light-weight systems 

a t  very high temperatures, metal vapors become the  only 

poss ib le  working f l u i d s .  
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